Polyaniline lms were formed on an Fe substrate using the oxidative electropolymerization technique at 288 K in aqueous solutions with pH values ranging from 2 to 10 and containing aniline, p-toluenesulfonic acid and oxalic acid as supporting electrolytes. The effects of the electrolysis conditions on the morphologies and corrosion resistances of the lms were subsequently investigated. Although the polyaniline lms were partially formed in solutions of pH 2-4, the lms completely formed and their surfaces became smooth when deposited in solutions of pH 7-10. Polyaniline lms with smooth surfaces and good corrosion resistance were obtained at 8-30 A·m , whereas the lms obtained at current densities greater than 50 A·m −2 exhibited non-uniform surface morphologies and poor corrosion resistance. Films obtained at anode potentials of 0.4 V and 0.8 V vs. NHE were not formed completely, and the lms formed at an anode potential of 2.0 V exhibited very rough surfaces. Films formed from a solution containing only p-toluenesulfonic acid as a supporting electrolyte exfoliated from the Fe substrate after being immersed in a 3 mass% NaCl solution for 3 h. Although the lms prepared from a solution containing only oxalic acid as a supporting electrolyte exhibited good adhesion to the substrate, they contained numerous defects and pores; consequently, they improved the Fe s corrosion resistance less than lms deposited from a solution containing p-toluenesulfonic acid. In the case of polyaniline lms formed in an electrolyte solution containing both p-toluenesulfonic acid and oxalic acid, the Fe exhibited improved corrosion resistance, and the lms exhibited good adhesion to the Fe substrate.
Introduction
The electropolymerization of monomers such as aniline, 1, 2) pyrrole, 3, 4) vinyl, [5] [6] [7] [8] [9] [10] and phenol 11) has been studied as a method to form polymer lms on metal substrates. Electropolymerization can be used to synthesize polymers and coat steel sheets with the synthesized thin polymer lms simultaneously. The uniform deposition of polymer lms on steel sheets is expected to improve their corrosion resistances. The structures and properties of electropolymerized lms are known to vary according to the type of monomer, supporting electrolyte, electrode material, and the electrolytic conditions. 12) Electropolymerization can be conducted as oxidation polymerization or reduction polymerization. Reduction polymerization processes are generally studied using steel sheets from the viewpoint of preventing the dissolution of the steel substrate. For example, the effects of electrolysis conditions on the reduction polymerization of 2-vinylpyridine on steel sheet have been extensively investigated. [5] [6] [7] [8] [9] [10] By contrast, polyaniline and polypyrrole lms formed by oxidation polymerization offer the bene t of becoming electrically conductive by the injection of a dopant. The electrical conductive polymers can form the passive lm at the exposed area of metal substrate due to high oxygen reduction performance. In addition, the electrical conductive polymer are expected to be applicable to battery material, electrolytic capacitor and various sensors. However, the oxidation polymerization of polyaniline on steel sheet has been scarcely studied, and uniform polyaniline lms cannot be produced by the potential sweep, potentiostatic, or galvanostatic techniques. 13) Furthermore, the effects of the electrolysis conditions such as the supporting electrolyte, electrode potential, and current density on the morphologies of polyaniline lms are ambiguous.
Therefore, in this study, we selected the oxidation polymerization method, aniline as monomer, and p-toluenesulfonic acid and oxalic acid as supporting electrolytes for the deposition of polyaniline lms on Fe by galvanostatic and potentiostatic techniques to investigate the effects of the electrolysis conditions on the morphologies and corrosion resistances of electropolymerized lms.
Experimental
The solution composition and electrolysis conditions for electropolymerization are shown in Table 1 . The electrolytic solution was prepared by dissolving high-grade reagents in solvent. Aniline was used as the monomer, p-toluenesulfonic 2 ) as the supporting electrolytes, and ion-exchanged water as the solvent. The pH was adjusted from 2 to 10 with NaOH. Electrooxidation polymerization was conducted in un-agitated solutions under galvanostatic conditions of 8-100 A·m −2 and potentiostatic conditions of 0.4-2.0 V at a charge of 7.6 × 10 3 C·m −2 and at 288 K. In some experiments, electropolymerization was stopped for 240 s or 250 s. During electropolymerization, the anode potentials were measured using a saturated Ag/AgCl reference electrode (0.199 V vs. NHE, 298 K) and were plotted with reference to NHE. Fe disks with 10 mm diameters and platinum sheets (20 mm × 10 mm) were used as the anode and the cathode, respectively. Each anode was buffed to mirror smoothness and degreased in acetone solution for 10 min by ultrasonic cleaning prior to electropolymerization. After electropolymerization, each anode was immediately washed with distilled and ion-exchanged water and dried in a vacuum chamber for 24 h.
The morphologies and structures of the lms were examined by scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FT-IR), respectively. The measurement by FT-IR (SHIMADZU RAS-800) was performed at an average angle of incidence of 70 to the sample. After each Fe disc coated with polyaniline lms was immersed in 3 mass% NaCl solution at 303 K for 3 h in an air atmosphere, the polarization curves were measured by polarizing from −0.8 V to 0.9 V using the potential sweep method at a scan rate of 20 mV·min 
Results and Discussion

Formation of polymerized lms in solution contain-
ing p-toluenesulfonic acid as supporting electrolyte Figure 1 shows the time dependence of the current density during potentiostatic electrolysis for 240 s at 1.5 V in solutions of various pH containing aniline and p-toluenesulfonic acid. The current density is high at the initial stage of polymerization and gradually decreases with increasing electrolysis duration to become constant under all pH conditions. The effect of pH on the current density is scarcely observable after polymerization for 100 s; by contrast, during the initial stage of polymerization until 10 s, the current density decreases with increasing pH. The decrease in current density with increasing electrolysis duration is attributable to an increase in lm resistance due to the formation of polymerized lms. By contrast, in solutions of pH 2 or 4, the current density remains high (1500-2000 A·m −2 ) even after 100 s of polymerization as shown in Fig. 2 . Figure 3 shows the secondary electron images (SEIs) of the lm surfaces obtained by potentiostatic electrolysis at 1.5 V in solutions with various pH levels and containing aniline and p-toluenesulfonic acid. The polymerized lms appear partially formed in the solutions of pH 2 and 4, whereas the lms were formed on entire surface in the solutions in the solutions of pH 6, 7, and 10. The lack in uniformity of the lms formed in the solutions of pH 2 and 4 may be a consequence of the dissolution of the Fe substrate during electrolysis. Although incomplete lms were formed even in the solutions with pH values greater than 6, the lm surfaces were mostly smooth when formed at pH 7 and 10. The current density at the initial stage of polymerization decreases with increasing pH, as shown in Fig. 1 , indicating that the formation rate of polymerized lms increased with increasing pH. The high current density maintained after polymerization for 100 s in solutions of pH 2 and 4 is attributable to the lack of uniformity of the polymerized lms. Therefore, in subsequent experiments, the pH of the solution was xed at 10. Figure 4 shows the time dependence of the current density during potentiostatic electrolysis for 240 s at various potentials in a solution containing aniline and p-toluenesulfonic acid. In the electrolysis at 1.5 V and 2.0 V, the current density decreases signi cantly during the initial stage of polymerization and becomes almost constant when the electrolysis duration exceeds 50 s. The constant current density at 2.0 V is higher than that at 1.5 V. By contrast, in the cases of electrolysis at 0.4 V and 0.8 V, the current density is low and constant from the initial stage of polymerization. Figure 5 shows the SEIs of lms obtained by potentiostatic electrolysis at various potentials in a solution containing aniline and p-toluenesulfonic acid. The lms polymerized at 0.8 V and 1.5 V exhibit smooth surfaces despite being partially incomplete, whereas the lms obtained at 0.4 V and 2.0 V show concave and convex morphologies. Oxygen was evolved from the anode during the electrolysis at 2.0 V, indicating the prevention of smooth polymerized lms. Figure 6 shows the polarization curves of Fe coated with lms obtained by potentiostatic electrolysis at various potentials in a solution containing aniline and p-toluenesulfonic acid. The anodic current densities are lower for the lms polymerized at all potentials than for the electrodes without lms, showing that the corrosion resistance of Fe was improved by the polymerized lms. With respect to the dependence on the potential for polymerization, the anodic current density is the smallest for the lms polymerized at 1.5 V and decreases in the order 0.4 V, 0.8 V, 2.0 V, and 1.5 V. The small anodic current density observed for the lms formed at 1.5 V corresponds to both the time dependence of the current density for polymerization shown in Fig. 4 and the SEM images shown in Fig. 5 . That is, during electrolysis at 1.5 V, the current density for polymerization decreases dramatically during the initial stage, and the surfaces of the lms become smooth, indicating the formation of excellent polymerized lms. The electropolymerization of polyaniline has been reported to begin at 0.4-0. 5 V 14) in a neutral solution of pH 7 and at 0.6-0.7 V 13, 15) in solutions containing hydrochloric and sulfuric acid; furthermore, oxygen evolution has been reported to occur at higher noble potentials. 13) In the present study, during potentiostatic electrolysis at 0.4 V and 0.8 V, the current density for polymerization was low and almost constant during the initial stage, as shown in Fig. 4 . This observation indicates the slow formation rate of polymerized lms; i.e., potentials of 0.4 V and 0.8 V do not satisfy the overpotential for polymerization of polyaniline. The morphologies of the concave and convex of lms obtained at 2.0 V as shown in Fig. 5 suggest that the potential of 2.0 V was excessive for the electropolymerization of polyaniline. Figure 7 shows the time dependence of the anode potential during galvanostatic electrolysis for 250 s at various current densities in a solution containing aniline and p-toluenesulfonic acid. At current densities from 8 A·m −2 to 30 A·m
, the potential scarcely changes with time and is almost constant from the initial stage. By contrast, the potential shifts in the noble direction to some extent with increasing time at 50 A·m −2 and shifts substantially in the noble direction at 100 A·m . Oxygen was evolved from the anode during the electrolysis at more noble potentials than 2.0 V. Therefore, this substantial shift toward noble potentials at 100 A·m −2 is attributable to increasing oxygen overpotential of anode coated by the polymerized polyaniline. Figure 8 shows the SEIs of lms obtained by galvanostatic electrolysis at various current densities in a solution containing aniline and p-toluenesulfonic acid. The surfaces of the lms prepared at 8-30 A·m −2 are smooth, whereas those of lms prepared at current densities greater than 50 A·m −2 are not uniform, and numerous small holes are observable, especially in those prepared at 100 A·m . The potential substantially shifts in the noble direction at 100 A·m −2 , and oxygen was evolved from the anode, suggesting that the polymerized lms with poor uniformities resulted from the gas evolution. Figure 9 shows the FT-IR spectra of the lms obtained by galvanostatic electrolysis at various current densities in a solution containing aniline and p-toluenesulfonic acid. The spectra of lms polymerized at all current densities exhibit absorption peaks at approximately 1600 cm . The absorption peaks at approximately 1600 cm −1 and 1500 cm −1 result from the cyclic stretching vibrations of quinone and benzene units of the polymer main chain, and that at approximately 1250 cm −1 results from the stretching vibration of C-N bonds, 16) showing that all peaks derive from the polyaniline. However, the spectra of the lms polymerized at all current densities also show a strong absorption peak at approximately 1000 cm
. This peak corresponds to the stretching vibration of S-O bonds, 17) which originates from the p-toluenesulfonic acid used as a supporting electrolyte. As previously mentioned, the formation of polyaniline lms containing a small amount of p-toluenesulfonic is expected, irrespective of current density. The current density therefore only slightly affected the frequency of this absorption peak, indicating that the binding species of the polymerized lms was identical, regardless of current density. Figure 10 shows the polarization curves of Fe coated with lms prepared by galvanostatic electrolysis at various current densities in a solution containing aniline and p-toluenesulfonic acid. The anodic current densities are lower for the lms polymerized at all current densities than for the electrodes without lms, showing that the corrosion resistance of Fe was improved by the polymerized lms. With respect to the effects of the current density, the anodic current density is the smallest for the lms polymerized at 10 A·m −2 and decreases in the order 8 A·m ; by contrast, the anodic current densities are somewhat larger at 50 A·m −2 and 100 A·m −2 . These results correspond to the surface morphologies of the polymerized lms shown in Fig. 8 . That is, the corrosion resistance of Fe was better for the smooth lms polymerized at 8-30 A·m −2 than for the non-uniform lms polymerized at 50 A·m −2 and 100 A·m . These results were obtained using solutions containing p-toluenesulfonic acid as a supporting electrolyte, and we visually observed that the lms obtained at all current densities were likely to exfoliate after immersion in 3 mass% NaCl for 3 h. Although Fe seems to not dissolve in a high pH value such as 10 by forming oxide or hydroxide lms according to the potential vs. pH diagram for the Fe-H 2 O system 18) , Fe is reported to actually dissolve at same rate in the solutions of pH 4 to 10 19) . We expected the Fe substrate to dissolve during electrolysis because of oxidation polymerization, which appears to affect adversely the adhesion properties of polyaniline lms. Therefore, we used oxalic acid as a supporting electrolyte to suppress the dissolution of the Fe substrate due to formation of iron oxalate. Figure 11 shows the time dependence of the anode potential during galvanostatic electrolysis at various current densities in a solution containing aniline and oxalic acid. The potential sharply shifts in the noble direction at the midpoint of polymerization at all current densities and becomes almost identical at the end of electrolysis (i.e., at a total charge of 7.6 × 10 3 C·m
12)
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−2
). This sharp shift toward noble potentials is attributable to an increase in the lm resistance of polymerized polyaniline or end of polymerization at initial stage of electroysis. If the polymerization is nished at the initial stage of galvanostatic electrolysis, the electrolysis reaction is shifted from the polymerization to oxygen evolution, resulting in sharp shift of potential to noble direction. In the electropolymerization of polyaniline on Pt, the diffusion of aniline in polymerized lms from the solution side to the electrode is the rate-determining step for polymerization, and the charge transfer rate for polymerization decreases with increasing thickness of the polymerized lms. 20) Similarly, in this study, the transfer of aniline in the polymerized lms appears to be suppressed with increasing thickness of the polymerized lms. The potentials during electrolysis at all current densities are approximately constant after reaching about 1.95 V and gradually shift toward the noble direction immediately before the end of electrolysis. As such, the time dependence of the potential in a solution containing oxalic acid as the supporting electrolyte differs substantially from that in a solution containing p-toluenesulfonic acid (cf. Fig. 7) . Figure 12 shows the SEIs of lms obtained by galvanostatic electrolysis at various current densities in a solution containing aniline and oxalic acid. The lms polymerized at all current densities exhibit concave and convex morphologies and numerous small holes, resulting in non-uniform surfaces. The shift toward more noble potentials during electrolysis at all current densities resulted in oxygen gas evolution, which prevented the formation of smooth lms. These morphologies suggested the polymerization was nished at the initial stage of electrolysis in a solution containing oxalic acid. Figure 13 shows the FT-IR spectra of lms obtained by galvanostatic electrolysis at various current densities in a solution containing aniline and oxalic acid. The spectra of the lms polymerized at all current densities show weak absorption peaks at approximately 1600 cm . As previously noted, these wavenumbers correspond to the cyclic stretching vibrations of quinone, the benzene unit of the polymer main chain, and the stretching vibration of C-N bonds, respectively, indicating that polyaniline lms were formed in solutions containing oxalic acid as the supporting electrolyte. Figure 14 shows the polarization curves of Fe coated with lms obtained by galvanostatic electrolysis at various current densities in a solution containing aniline and oxalic acid.
Similar to the anodic current density behavior in the solutions containing p-toluenesulfonic acid, the anodic current densities are lower for the lms polymerized in solutions containing oxalic acid at all current densities than for the electrodes without lms. These results indicate that the corrosion resistance of Fe was improved by the polymerized lms. The differences between the anodic current densities of lms polymerized at different current densities are small; the anodic current density is the smallest in the lms prepared at 30 A·m and is the largest in the lms prepared at 10 A·m . Compared with the lms prepared in electrolyte solutions containing p-toluenesulfonic acid (Fig. 10) , the lms prepared in a solution containing oxalic acid exhibit higher anodic current densities, indicating less improvement of the corrosion resistance of Fe. This result is attributable to the fact that the lms prepared in solutions containing p-toluenesulfonic acid exhibit smooth surfaces, whereas those prepared in solutions containing oxalic acid exhibit concave and convex morphologies and numerous small holes. Because the potential at the end of galvanostatic electrolysis in solutions containing oxalic acid becomes more noble than 2.0 V regardless of current density (Fig. 11) , oxygen evolution occurs at the anode, resulting in the formation of numerous concave and convex surface features. However, the case of lms formed in solutions containing oxalic acid, the polymerized lms were not exfoliated after immersion in 3 mass% NaCl for 3 h, demonstrating better adhesion than the lms formed in solutions containing p-toluenesulfonic acid. The oxalic acid forms the Fe oxalate complex Fe(C 2 O 4 ) via reaction with the Fe substrate, and this complex is expected to suppress the dissolution of the Fe substrate during electrolysis, 12) which may contribute to the improvement of the adhesion properties of the polymerized lms. Therefore, to achieve both good corrosion resistance of Fe coated with polymerized lms and good adhesion of the lms to the Fe substrate, we performed electropolymerization in a solution containing both p-toluenesulfonic acid and oxalic acid as the supporting electrolyte. 3.3 Formation of polymerized lms in solution containing both p-toluenesulfonic acid and oxalic acid as supporting electrolyte Figure 15 shows the time dependence of the anode potential during galvanostatic electrolysis at various current densities in a solution containing aniline, p-toluenesulfonic, and oxalic acid. The potential shifts toward the noble direction with increasing electrolysis duration at all current densities, and the shift is particularly large at 30 A·m . This degree of change with time of electrolysis is intermediate between those observed in the solutions containing only p-toluenesulfonic acid (Fig. 7) and oxalic acid (Fig. 11) , demonstrating that the change of the anode potential with time was affected by both supporting electrolytes. Figure 16 shows the SEIs of lms obtained by galvanostatic electrolysis at various current densities in a solution containing aniline, p-toluenesulfonic, and oxalic acid. The lms polymerized at all current densities exhibit partially concave and convex morphologies, but become smooth as a whole. Figure 17 shows the polarization curves of Fe coated with lms obtained by galvanostatic electrolysis at various current densities in a solution containing aniline, p-toluenesulfonic acid, and oxalic acid. The anodic current densities are lower for the lms polymerized at all current densities than for the electrodes without lms, similar to the behaviors observed for the lms formed in solutions containing only p-toluenesulfonic acid or oxalic acid as the supporting electrolyte. These results indicate that the corrosion resistance of Fe was improved by the polymerized lms. The anodic current density is the smallest in the lms prepared at 30 A·m −2 and is the largest in the lms obtained at 8 A·m . This order corresponds to the time dependence of potential during polymerization shown in Fig. 15 ; that is, the potential shifts toward the noble direction at 30 A·m −2 , and the shift is the smallest at 8 A·m . Compared with the anodic current density in the lms prepared in a solution containing only p-toluenesulfonic acid (Fig. 10) , that in the lms prepared at 30 A·m −2 in a solution containing both supporting electrolytes is lower. This result demonstrates that the lm prepared using the mixed electrolyte imparted the Fe substrate with greater corrosion resistance.
In the electropolymerization of polyaniline on Pt, Fe 2+ ions with Stokes radius greater than 0.3 nm have been reported to be incapable of transport in polymerized lms. 20) In this study, because the transport of Fe 2+ ions dissolved from the Fe substrate in polymerized lms is suppressed, the corrosion resistance of Fe appears to be improved. As previously mentioned, a comparison of the corrosion resistance of a lm prepared from a solution containing p-toluenesulfonic acid ( Fig. 10) with that prepared from a solution containing oxalic acid (Fig. 14) reveals that the improvement of the corrosion resistance of Fe was greater when the lms were prepared from a solution containing p-toluenesulfonic acid. This result is attributable to the fact that the lms polymerized in the presence of p-toluenesulfonic acid exhibited smoother morphologies with fewer defects, resulting in greater suppression of the transport of Fe 2+ ions in the lms. In the case of lms polymerized from a solution containing both p-toluenesulfonic acid and oxalic acid, exfoliation of the polymerized lms was not observed after immersion in 3 mass% NaCl for 3 h, indicating excellent adhesion of the lms. Collectively, these results indicate that lms polymerized from a solution containing both p-toluenesulfonic acid and oxalic acid exhibited both good corrosion resistance of the Fe substrate and good adhesion of the lms.
Conclusion
We deposited polyaniline lms on Fe using electrolytic oxidation polymerization techniques in a solution containing p-toluenesulfonic acid and oxalic acid as the supporting electrolyte and subsequently investigated the effects of the electrolysis conditions on the morphologies and corrosion resistances of the electropolymerized lms. Under the acidic condition (pH = 2 to 4) of polymerization, the polymer lm was formed locally by competitive reaction of polymer growth and dissolution of metal substrate while under the neutral and alkaline conditions (pH = 7 to 10) surface of the metal substrate was covered with smooth polymer lm because of uniform polymerization. Polyaniline lms with smooth surfaces and good corrosion resistances were obtained at 8-30 A·m −2 , whereas the lms prepared at current densities greater than 50 A·m −2 exhibited non-uniform surface morphologies due to oxygen evolution and poor corrosion resistances.
The lms prepared at anode potentials of 0.4 V and 0.8 V vs. NHE were not completely formed, and the lms formed at an anode potential of 2.0 V exhibited very rough surfaces. Anode potentials of 0.4 V and 0.8 V do not satisfy the overpotential for polymerization of polyaniline and 2.0 V was excessive for the electropolymerization because oxygen was evolved from the anode at 2.0 V. Films formed from a solution containing only p-toluenesulfonic acid as a supporting electrolyte exfoliated from the Fe substrate following immersion in a 3 mass% NaCl solution for 3 h. Although the lms obtained from the solution containing only oxalic acid as a supporting electrolyte exhibited good adhesion to the substrate, they contained numerous defects and pores and, as a result, provided poor corrosion resistance for the Fe. In the case of lms formed from a solution containing both p-toluenesulfonic acid and oxalic acid as supporting electrolytes, the corrosion resistance of the Fe coated with polyaniline lms was substantially improved, and the lms exhibited good adhesion to the Fe.
